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INTRODUCTION 
Although recent work has shown that many Iowa soils do 
not have significant reserves of plant available sulfur 
(Tabatabai and Bremner, 1972a, b), sulfur deficiencies in 
Iowa crops have not yet become evident. However, government 
restrictions on sulfur gas emissions from industrial pro­
cesses and burning of high S-containing fossil fuels have 
reduced the amounts of gaseous atmospheric sulfur available 
for plant nutrition. At the same time, increased use of high 
analysis fertilizers containing little or no sulfur, decreased 
use of sulfur-containing pesticides, and increased crop yields 
have increased the incidence of sulfur deficiency in crops 
grown on soils in parts of the U.S. which were not previously 
known to be S-deficient. 
Soils have been considered as a possible means of remov­
ing sulfur pollutants from effluent gas streams originating 
from fossil fuel fired power plants and smelters (Bohn and 
Miyamoto, 1973), and several studies have shown that soils 
have the ability to sorb sulfur dioxide (SO^) and hydrogen sul­
fide (HgS) (the major sulfur gas pollutants of agricultural 
importance). But very little is known about the factors af­
fecting the sorption of these gases by soils and the mechanisms 
by which soils sorb SOg and H2S are still obscure. 
The objectives of the work reported here were (l) to 
assess the capacities of a wide range of air-dry and moist 
lb 
soils for sorption of SO2 and HgS; (2) to identify soil 
properties affecting the ability of soils to sorb SO2 and 
H^S and attempt to predict the capacities of soils for sorp­
tion of these gases from consideration of these properties; 
and (3) to characterize the S retained by soils exposed to SOg 
and HgS and study mechanisms by which these gases are sorbed 
by soils. 
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PART I. SORPTION OF SULFUR DIOXIDE BY SOILS 
3 
INTRODUCTION 
Although it is well-established that soils have the 
ability to sorb SO^ from air (Alway et al., 1937; Fuhr et al., 
1948; Terraglio and Manganelli, 1966; Faller and Herwig, 
1969/70; Seim, 1970; Abeles et al., 1971; Smith et al., 
1973; Yee et al., 1975; Ghiorse and Alexander, 1976), very 
little is known about the capacities of soils for sorption 
of SO^ or the factors affecting the ability of soils to sorb 
this gas. Most studies of SOg sorption by soils have been con­
fined to one or two soils, and only Faller and Herwig (1969/ 
70) and Yee et al. (1975) have reported studies permitting 
some assessment of the sorption capacities of several types 
of soils. But Faller and Herwig (1969/70) used only 7 soils 
and assumed that their capacity for SO2 sorption could be 
assessed by determining SO^ contents before and after expo­
sure to SO2» and Yee et al. (1975) restricted their work to 
calcareous soils. 
Although studies relating to factors affecting the ability 
of soils to sorb SO2 have been very limited, they have indi­
cated that SO2 sorption by soils is affected by H2O (Terrag­
lio and Manganelli, 1966; Faller and Herwig, 1969/70; Smith 
et al., 1973; Yee et al., 1975), pH (Alway et al., 1937; 
Terraglio and Manganelli, 1966; Faller and Herwig, 1969/70; 
Smith et al., 1973), exchangeable cations (Faller and Herwig, 
1969/70), acid-titratable basicity (Yee et al., 1975), and 
4 
CaCOg content (Alway et al., 1937) and may be influenced by 
organic matter (Ghiorse and Alexander, 1976) and sesquioxides 
(Faller and Herwig, 1969/70). The objectives of the work re­
ported here were (l) to assess the capacities of air-dry and 
moist soils for sorption of SO2 and (2) to identify soil 
properties affecting the ability of soils to sorb SO2 and 
attempt to predict the capacities of soils for sorption of 
this gas from consideration of these properties. 
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MATERIALS AND METHODS 
The soils used (Table l) were surface (0-15 cm) samples 
of 41 soils selected to obtain a wide range in pH (3.6-8.2), 
organic carbon content (0.30-9.38%), CaCOg equivalent (0-
33.7%), sand content (1-94%), clay content (1-64%), and sur-
2 face area (8-294 m /g). The> included representatives of dif­
ferent regions of the United States (including Hawaii), 
Canada, and Japan. Before use, each sample was air-dried and 
crushed to pass a 2-mm sieve. 
Soil pH was determined with a glass electrode (soil/water 
ratio, 1:2.5), and total carbon was determined by the method 
of Tabatabai and Bremner (1970b). CaCOg equivalent was cal­
culated from inorganic carbon determined as described by 
Bundy and Bremner (1972), and organic carbon was calculated 
from total carbon by subtracting inorganic carbon. dpH (the 
pH of soil equilibrated with 0.1 N ^2^04 minus the pH of soil 
equilibrated with 0.1 N KCl) was determined as described by 
Chao et al. (1965), who proposed this measurement as an index 
of the ability of soils to sorb sulfate. Cation-exchange 
capacity (CEC) was determined by the ammonium saturation 
method described by Chapman (1965), and exchangeable cations 
in the leachate obtained by this method were determined by 
atomic absorption spectrometry (Ca and Mg) and flame photome­
try (K and Na). Total exchangeable cations (TEC) were calcu­
lated by summation of the values for exchangeable Ca, Mg, K, 
Table 1. Properties of soils 
Organic 
carbon 
Soil type^ pH dpH (%) TSC^ 
Paaloa sic 3.6 
Kochi sil^ 4.1 
Leon s 4.4 
Hartsell sil 4.7 
Okoboji s id 4.8 
Astoria sil 4.8 
Tillamook s id 4.8 
Lindley 1 5.1 
Wahiawa c 5.1 
Cecil scl 5.4 
Buckner s 5.4 
Sagami 1^ 5.5 
Muscatine sicl 5.5 
Davidson sicl 5.6 
Sharpsburg sicl 5.6 
Floyd 1 5.7 
Cresco 1 5.8 
Thurman s 5.8 
Edina sil 5.8 
Moody sicl 5.9 
Weller sil 6.0 
Glencoe sic 6.0 
Marshall sicl 6.2 
Clarion 1 6.2 
Dickinson s 6.3 
Nicollet 1 6.4 
Grundy sicl 6.5 
0.68 3.06 0.408 
0.34 4.86 2.020 
0.21 0.48 0.031 
0.21 1.04 0.068 
0.12 6.73 0.801 
0.20 9.38 0.487 
0.41 9.08 0.769 
0.16 1.68 0.167 
0.46 1.42 0.341 
0.38 0.48 0.156 
0.17 0.30 0.066 
0.22 1.01 0.236 
0.15 2.25 0.265 
0.31 3.24 0.336 
0.17 2.17 0.535 
0.24 2.78 0.448 
0.22 2.32 0.359 
0.02 0.64 0.087 
0.21 1.69 0.226 
0.12 2.65 0.363 
0.13 3.69 0.340 
0.16 5.86 0.470 
0.13 1.60 0.286 
0.29 2.19 0.224 
0.10 0.55 0.086 
0.23 3.08 0.494 
0.13 2.21 0.278 
Exchangeable cations (meq/100 g soil) 
d e 
CEC Ca Mg K Na Total PBS 
13.5 0.48 0.26 0.13 0.24 1.11 8 
21.1 9.56 1.12 0.95 0.43 12.1 57 
1.2 0.63 0.03 0.08 0.14 0.88 73 
4.1 0.93 0.15 0.12 0.13 1,33 32 
34.8 19.9 2.25 0.56 0.16 22.9 65 
29.0 8.32 0.28 1.07 0.26 9,93 34 
35.8 5.85 0.74 0.81 0.37 7,77 21 
11.8 7.01 1.25 0.32 0.06 8.64 73 
12.2 2.79 0.67 0.70 0.20 4.36 35 
5.2 1.68 0.24 0.38 0.13 2.43 46 
3.6 1.32 0.17 0.19 0.16 1.84 72 
16.7 11.5 1.27 0.56 0.86 14.2 85 
17.7 13.3 2.71 0.54 0.10 16.6 93 
12.1 4.44 0.73 1.20 0.22 6.59 54 
18.8 11.9 2.70 1.22 0.24 16.1 85 
18.9 13.4 2.14 0.14 0.28 16.0 84 
16.0 10.9 2.12 0.23 0.15 13.4 79 
3.2 2.43 0.21 0.20 0.06 2.90 89 
15.9 21.5 1.57 0.23 0.26 23.5 148 
21.7 14.8 3.31 0.93 0.13 19.2 88 
17.8 13.4 1.77 0.47 0.06 15.7 88 
36.2 33.5 5.13 0.74 0.20 39.5 109 
19.1 15.7 2.60 0.63 0.19 19,1 99 
16.7 12.8 2.79 0.21 0.22 16.0 96 
3.2 2.46 0.52 0.33 0.14 3.45 106 
26.8 22.3 3.94 0.28 0.13 26.7 99 
19.7 17.6 2.59 0.44 0.16 20.8 105 
Flanagan s id 6. ,6 0. ,12 1. ,63 0, .263 16. ,1 13. ,0 2 .02 0. ,63 0. 12 15. ,8 98 
Catlin sicl 6. ,6 0. ,18 1. ,23 0, .230 15. ,3 10. ,4 2 .28 0. ,51 0. 18 13. ,4 87 
Drummer sicl 6. 6 0. 28 2, .41 0, .297 24. 1 20, .8 3 .86 0. 67 0. 20 25. ,5 106 
Galva sicl 6. 7 0. 16 2, .98 0, .296 25, .3 19. 7 5 .26 0, .63 0. 23 25. 8 101 
Webster cl 6, ,7 0. ,14 2, .93 0, .404 25. ,8 24. 8 3 .23 0. 30 0. 12 28. ,4 110 
Hayden si 6, ,9 0. 16 3, .21 0, .400 14. ,0 6. 63 1 .82 0, .30 0. 14 8. 86 63 
Sac sicl 7. 2 0. 15 2. 48 0, .345 23. 4 18. 8 5 .06 0, .52 0. 14 24. 5 104 
Fargo sic 7, .8 0. 26 2, .69 0, .441 29, .6 26, .1 17 .9 1, .41 0. 62 46, .0 156 
Ida sil 7, .8 0. 33 0, .88 0, .205 12. 6 51, .4 1 .98 0. 33 0. 75 54, .4 431 
Houston sic 7, 9 0. 28 1, .56 0. 332 31. 6 85, .5 1 .62 0, .72 0. 24 88, .1 278 
Harps cl 8, .0 0, .27 3, .21 0, .504 28, .2 67, .9 4 .89 0, .55 0. 26 73, .6 260 
Storden si 8, .1 0, .18 0, .30 0, .115 6, .8 50, .5 1 .12 0, .33 0. 14 52, .1 769 
Rosebud si 8. 1 0, .29 0, .59 0 .140 10, .6 29, .6 0 .68 1, .11 0. 10 31, .5 295 
Canyon scl 8, .2 0, .33 0, .89 0, .222 8, .6 65, .3 0 .62 0, .77 0. 14 66, .8 781 
^sic, silty clay; sil, silt loam; s, sand; sicl, silty clay loam; 1, loam; c, clay; scl, sandy 
clay loam; cl, clay loam; si, sandy loam. 
^pH of soil equilibrated with O.lN KgSO^ minus pH of soil equilibrated with O.lN KCl. 
*^Total sulfur content (mg S/g soil). 
^Cation-exchange capacity (meq/100 g soil). 
^Percent base saturation. 
^Soil name indicates region of origin and is not a series name. 
Table 1, (Continued) 
Extractable metals (%) 
Soil Fe Mn Al Total 
Paaloa 4. 57 0. 005 0. 013 4. 59 
Kochi 0. ,535 0. 005 0. 387 0. 927 
Leon 0, ,094 0. 007 0. 005 0. 106 
Hartsell 0. ,469 0. 003 0. 111 0. 583 
Okoboj i 0. ,469 0. Oil 0. 207 0. ,687 
Astoria 1. ,34 0. 009 0. 111 1. ,46 
Tillamook 2. ,38 0. 027 0. 037 2. ,45 
Lindley 0. ,871 0. ,004 0. 099 0. ,974 
Wahiawa 0, .396 0. ,348 0. 012 0. ,756 
Cecil 1, .53 0. ,039 0. ,025 1. ,59 
Buckner 0, .563 0. ,001 0. ,051 0, .615 
Sagami 1, .74 0. ,029 0. ,009 1, .78 
Muscatine 0, .643 0. 054 0. ,109 0, .806 
Davidson 3, .11 0, .318 0. 010 3, .44 
Sharpsburg 0, .884 0, .015 0. 209 1, .11 
Floyd 0 .429 0, .061 0, .087 0 .577 
Cresco 1 .04 0, .068 0. 141 1 .25 
Thurman 0 .388 0 0, .050 0 .438 
Edina 0 .616 0, .044 0, .112 0 .772 
Moody 0 .951 0 .046 0, .215 1 .21 
Waller 0 .589 0 .183 0, .191 0 .963 
Glencoe 0 .335 0 0 .066 0 .401 
Marshall 0 .964 0 .042 0 .103 1 .11 
Clarion 0 .643 0 .020 0 .126 0 .789 
Dickinson 0 .455 0 .012 0 .037 0 .504 
Nicollet 0 .710 0 .045 0 .160 0 .915 
Grundy 0 .509 0 .012 0 .095 0 .616 
Flanagan 0 .725 0 .029 0 .100 0 .854 
g h CCE® ATB 
Sand Silt Clay 
SSC^ (7o) (%) (7o) 
0 0 77.6 2 50 48 57 
0 0.08 80.3 26 56 18 67 
0 0 35.9 92 6 2 8 
0 0 9.7 35 58 7 20 
0 0.20 1.1 12 50 38 129 
0 0.07 78.9 23 57 20 87 
0.6 0.02 124 13 59 28 155 
0 0.08 14.2 40 42 18 54 
0 0.03 108 7 29 64 92 
0 0.02 44.6 50 25 25 32 
0 0.01 30.0 94 3 3 8 
0 0.14 37.4 35 43 22 85 
0 0.23 21.6 5 67 28 110 
0 0.07 45.1 14 50 36 75 
0 0.16 10.8 4 65 31 113 
0.6 0.17 34.5 30 46 24 85 
0 0.12 38.7 32 46 22 81 
0 0.01 8.1 90 9 1 12 
0.5 0.12 26.2 1 74 25 101 
0 0.12 23.9 5 67 28 119 
0 0.23 8.2 2 77 21 56 
0 0.25 7.5 19 40 41 144 
0.1 0.16 26.9 3 59 38 157 
0.2 0.10 12.3 51 31 18 97 
0 0.03 17.6 90 5 5 14 
0 0.20 22.6 46 32 22 73 
0.4 0.15 41.8 5 68 27 131 
0.2 0.18 2.5 11 60 29 80 
Catlin 1. 18 0. ,033 0. ,135 1. ,35 0. ,2 
Drummer 0. 777 0. ,026 0. ,138 0. 941 0. ,1 
Galva 0. ,843 0. ,082 0. ,104 1. ,03 0. ,4 
Webster 0. ,321 0. ,001 0. ,090 0. ,412 0 
Hayden 0. 656 0. ,035 0. ,055 0. 746 0. 2 
Sac 0, .897 0. 123 0. 104 1, .12 0. ,4 
Fargo 0, .388 0. ,029 0, .075 0, .492 1. ,0 
Ida 0, .884 0. 042 0, .065 0, .991 14, .2 
Houston 0, .536 0 0, .078 0, .614 33, ,7 
Harps 0, .429 0. 016 0, .059 0, .504 12, .9 
Storden 0, .603 0 0, .043 0, .646 20, .8 
Rosebud 0, .321 0, .030 0, .048 0, .399 1, .7 
Canyon 0 .295 0, .024 0 .024 0 .343 15, .5 
^CaCOg equivalent (%). 
^Acid-titratable basicity (eq/kg soil). 
^Sulfate sorption capacity ((i,g sulfate-S/g soil). 
i 2 
•^Surface area (m /g soil). 
0.17 8.9 
0.27 16.8 
0.24 26.2 
0.45 8.5 
0.23 13.7 
0.22 23.3 
0.54 20.7 
2.96 28.1 
7.35 22.4 
2.89 7.8 
3.96 2.3 
0.46 5.7 
3.14 17.9 
66 30 94 
60 34 141 
61 35 175 
36 30 112 
34 13 29 
56 34 157 
41 42 164 
71 24 91 
41 51 294 
41 32 127 
31 18 45 
24 19 71 
22 22 67 
4 
6 
4 
34 
53 
10 
17 
5 
8 
27 
51 
57 
56 
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and Na, and percent base saturation was calculated as (TEC f 
CEC) X 100. Iron, aluminum, and manganese extracted by the 
dithionite-citrate buffer method of Coffin (1963) (henceforth 
referred to as extractable Fe, Al, and Mn) were determined by 
the methods of Aguilera and Jackson (1953), Pritchard (1957), 
and Adams (1965), respectively. Total extractable metals were 
calculated by summation of the values for extractable Fe, Al, 
and Mn. Acid-titratable basicity (ATB) was estimated by the 
procedure of Miyamoto et al. (1973), sulfate sorption capacity 
by the method of Chao et al. (1962), and surface area by the 
method of Heilman et al. (1955). Particle size analysis was 
performed by the ultrasonic vibration technique of Genrich 
and Bremner (1972), sulfate analysis by the method of Williams 
and Steinbergs (1958), and total sulfur analysis by the method 
of Tabatabai and Bremner (1970a). All analyses reported were 
performed in duplicate or triplicate. 
The apparatus used for exposure of soil samples to air 
containing SOg consisted of a 28-liter glass jar sealed with 
a plexiglass lid fitted with stainless-steel inlet and outlet 
tubes (Figure l). A cylinder of air containing SOg was con­
nected to the gas inlet tube via a stainless-steel gas regu­
lator and a rotameter-type flow meter, and the gas outlet tube 
was connected to a fume hood via a series of traps containing 
palletized NaOH for removal of SOg. The jar contained 11 
perforated plexiglass plates stacked vertically and spaced 
3 cm apart by means of plexiglass columns. These plates were 
Figure 1. Apparatus used to expose soil samples to SO2 
12 
m 
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used to support glass petri dishes (6 cm diameter) containing 
lO-g samples of air-dry soils or lO-g samples of air-dry 
soils treated with 3 ml HgO. 
The apparatus was designed so that the gas mixture 
entered the bottom of the jar via the stainless-steel inlet 
tube projecting through the center of the jar cover and the 
perforated plates in the jar. The gas flowed upward through 
the perforated plates, past the petri dishes, and out through 
the exhaust port in the jar lid. 
After insertion of the samples, the plexiglass lid of the 
jar was sealed with teflon tape, and air containing 5% SO2 was 
passed through the jar for six hours at a flow rate of 5 l/min 
(regulator pressure, 10 psi). At the end of the exposure 
period, the soils were aerated for 14 hours (flow rate, 3 1/ 
min; regulator pressure, 10 psi) to remove loosely adsorbed 
SOg. 
After exposure to SOg, the soil samples were analyzed for 
pH, sulfate-S and total S. 
Data analysis was performed on the Iowa State University 
Computation Center IBM 360 and ITEL AS/5 computers utilizing 
the ANCVA, CORR, and STEPWISE procedures of the Statistical 
Analysis System (SAS-76 version) for analysis of variance, 
simple correlation analysis, and multiple regression analysis. 
Statistical data are reported as being significant (5% level), 
highly significant (1% level), or very highly significant 
(0.1% level). 
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RESULTS AND DISCUSSION 
Preliminary work showed that exposing soils to SO^ for 
six hours was adequate for soil saturation based on the SO2 
concentration and flow rate used in this study (Table 2), 
It also showed that moisture loss of moist soils exposed 
during the six-hour period averaged less than 4% H2O by 
weight. 
Table 2. Amounts of S sorbed by soils exposed to an air 
stream containing 5% SO2 for various times 
Soil^ 
Time of exposure to SO2 (hr) 
2 6 10 
Amount of S sorbed (mg S/g soil) 
Lindley A 0.773 0.772 0.774 
Lindley M 2.85 4.40 4.45 
Storden A 0.787 1.09 1.13 
Storden M 16.5 26.9 27.6 
Webster A 1.65 2.07 2.11 
Webster M 2.49 3.33 3.39 
^A = air-dry soil; M = moist soil. 
Capacities of Soils for Sorption of SO2 
Table 3 shows the capacities of air-dry and moist soils 
for sorption of SOg. 
It is evident that sorption of SO2 by soils is markedly 
affected by HgO. The capacities of air-dry soils for sorption 
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Table 3. Amounts of S sorbed by air-dry and moist soils 
exposed to SO2 
Amount of S sorbed (ma S/q soil) 
Soil Air-dry soil Moist soil 
Paaloa 0.833 9.22 
Kochi 0.946 4.82 
Leon 0.042 0.497 
Hartsell 0.224 1.86 
Okobo j i 1.43 5.05 
Astoria 1.83 11.8 
Tillamook 3.82 13.9 
Lindley 0.772 4.40 
Wahiawa 8.70 17.2 
Cecil 2.15 4.42 
Buckner 0.163 1.59 
S agami 1.40 15.5 
Muscatine 1.25 6.10 
Davidson 5.57 15.8 
Sharpsburg l.lO 5.82 
Floyd 0.871 7.38 
Cresco 0.922 7.48 
Thurman 0.129 1.22 
Edina 1.08 7.68 
Moody 1.31 6.10 
Weller 2.04 10.2 
Glencoe 2.46 5.30 
Marshall 1.23 7.72 
Clarion 1.10 5.06 
Dickinson 0.370 1.29 
Nicollet 1.56 3.39 
Grundy 1.14 6.05 
Flanagan 1.04 4.77 
Catlin 1.28 7.82 
Drummer 1.36 4.84 
Galva 1.90 8.44 
Webster 2.07 3.33 
H ayden 1.04 3.60 
Sac 1.51 8.92 
Fargo 1.94 6.16 
Ida 2.56 38.0 
Houston 8.48 60.1 
Harps 3.06 15.8 
Storden 1.09 26.9 
Rosebud 1.05 5.95 
Canyon 1.17 27.9 
Average 1.80 9.98 
16 
of SO2 ranged from 0.042 to 8.70 mg S/g soil and averaged 
1.80 mg S/g soil. The corresponding capacities of moist soils 
ranged from 0.497 to 60.1 mg S/g soil and averaged 9.98 mg 
s/g soil. 
Relationships Between Soil Properties and 
Capacities of Soils for Sorption of SO2 
Table 4 shows correlation coefficients for the relation­
ships between initial soil properties and the SO2 sorption 
capacities of air-dry and moist soils. 
It can be seen that the capacities of air-dry soils for 
SO2 sorption were very highly significantly correlated with 
clay content, surface area, and extractable Mn. Highly sig­
nificant correlations were obtained between SO2 sorption 
capacities and CaCOg equivalent, dpH, acid-titratable basicity, 
and sulfate sorption capacity. Significant correlations be­
tween SO2 sorption capacities and sand content (negative cor­
relation) , cation-exchange capacity, exchangeable Ca, ex­
changeable K, and total exchangeable cations were also ob­
tained . 
The capacities of moist soils for SOg sorption were very 
highly significantly correlated with CaCOg equivalent, sur­
face area, exchangeable Ca, total exchangeable cations, per­
cent base saturation, and acid-titratable basicity. There 
was a highly significant correlation between SO2 sorption 
capacity and initial pH and a significant correlation between 
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Table 4. Relationships between initial soil properties and 
capacities of soils for sorption of SOg (41 soils) 
Correlation 
coefficient (r)^ 
Soil property A M 
pH 0.13 0.44** 
Organic carbon 0.15 -0.07 
Total sulfur 0.09 -0.04 
C aCOg equivalent 0.43** 0.90*** 
Sand -0.37* -0.25 
Silt 0.06 0.10 
Clay 0.69*** 0.37 
Surface area 0.52*** 0.47*** 
Cation-exchange capacity 0.32* 0.15 
Exchangeable Ca 0.35* 0.76*** 
Exchangeable Mg 0.02 -0.08 
Exchangeable K 0.34* 0.15 
Exchangeable Na 0.13 0.29 
Total exchangeable cations 0.34* 0.71*** 
Percent base saturation 0.01 0,57*** 
Extractable Fe 0.12 0.06 
Extractable Mn 0.58*** 0.10 
Extractable A1 -0.20 -0.20 
Total extractable metals 0.15 0.05 
dpH 0.38** 0.29* 
Acid-titratable basicity 0.45** 0.90*** 
Sulfate sorption capacity 0.39** 0.09 
^A = air-dry soil exposed to SOg; M = moist soil exposed 
to SOg. 
*,**,***Significant at 5% level, 1% level, and 0 .1% 
level, respectively. 
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SO2 sorption capacity and dpH. 
Prediction of Capacity of Soils for Sorption of SO2 
Multiple regression analysis of the sorption data ob­
tained in this study showed that the following equations gave 
the best predictions of the SO2 sorption capacities (SSC) of 
2 
air-dry and moist soils (R = 0.913 and 0.939, respectively): 
(air-dry soils) ^  26.35 •+ 66.13(cation-exchange 
capacity) + 76459.88(extractable 
Mn)^ + 136.59(acid-titratable 
basicity)^ (l) 
cep 
(moist soils) = 2146.11 + l075.54(CaCOg equivalent) 
+ 15854.74 (exchangeable Na) + 
38062.74(extractable Mn) + 410.90 
(acid-titratable basicity) (2) 
Because of interrelationships between soil properties 
(e.g., CaCOg equivalent vs exchangeable Ca, clay vs surface 
area, CaCOg equivalent vs acid-titratable basicity, etc.), 
soil properties in equations 1 and 2 were coded by subtracting 
from each value the lowest value for that variable to obtain 
the linear terms and by subtracting the difference between 
the mean and the lowest value for each variable from each of 
the adjusted linear variables to obtain the quadratic terms. 
The numerical coefficients (b-values) of the terms included 
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in equations 1 and 2 and their significance are reported in 
Table 5, 
Table 5. Numerical coefficients (b-values) of soil proper­
ties in equations and significance of these co­
efficients 
Source b-value 
Equation 1 
Intercept 
Cation-exchange capacity 
(Extractable Mn)^ 
(Acid-titratable basicity)^ 
Equation 2 
Intercept 
CaCOg equivalent 
Exchangeable Na 
Extractable Mn 
(Acid-titratable basicity)^ 
**,***Significant at 1% level and 0,1% level, respec­
tively. 
Effect of SOg Sorption on Soil pH 
Table 6 shows the effect of SOg sorption by soils on 
their pH. 
Faller and Herwig (1969/70) found that the CaCl2-pH 
values of soils exposed to SO2 were between 3.1 and 3,3 and de-
26.35 
66.15*** 
76,459.88*** 
136.59*** 
2,146.11 
1,075.56*** 
15,854.74*** 
38,062.74*** 
410.90** 
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Table 6. pH values of soils before and after exposure to SO2 
Soil 
Soil 
Before exposure 
to SO2 
After 
A 
exposure to SO2 
M 
Paaloa 3.61 3.06 2.59 
Kochi 4.07 3.61 3.02 
Leon 4.43 3.88 3.17 
Hartsell 4.72 3.73 2.94 
Okoboji 4.75 3.59 2.70 
Astoria 4.77 3.68 3.24 
Tillamook 4.78 3.54 3.24 
Lindley 5.08 3 . 6 4  2.60 
Wahiawa 5.12 2.68 2.54 
Cecil 5.35 3.25 3.30 
Buckner 5.41 3 . 8 2  2.81 
Sagami 5.48 3.64 2.64 
Muscatine 5.54 3.54 2 . 6 7  
Davidson 5.55 3 . 8 9  2.56 
Sharpsburg 5.62 3 . 6 2  2.65 
Floyd 5.70 4.08 2 . 6 2  
Cresco 5.77 4.05 2.63 
Thurman 5.79 4.54 3.00 
Edina 5.81 3.88 2 . 2 9  
Moody 5.87 3.74 2 . 7 1  
Weller 6.02 3.80 2.39 
Glencoe 6.02 3.83 3.20 
Marshall 6.22 3.87 2 . 5 5  
Clarion 6.24 3.86 2.81 
Dickinson 6.31 4.53 2.91 
Nicollet 6.39 3.68 3.24 
Grundy 6.47 4.08 2.68 
Flanagan 6 . 5 8  3.76 2.76 
Catlin 6.60 3.89 2.63 
Drummer 6.60 3.01 3.00 
Galva 6.65 4.01 2.63 
Webster 6.73 3.94 3.49 
Hayden 6.86 4.45 2.83 
Sac 7.16 4.29 2.63 
^A = air-dry soil; M = moist soil. 
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Table 6. (Continued) 
Soil PH 
After exposure to SO-
Before exposure 
Soil to SO2 A M 
Fargo 7.77 5.12 3.67 
Ida 7.83 6.32 3.63 
Houston 7.85 6.33 5.09 
Harps 8.03 6.06 4.11 
Storden 8.08 6.73 7.28 
Rosebud 8.11 6.53 3.67 
Canyon 8.21 6.96 6.21 
Average 6.09 4.21 3.07 
duced that pH is a limiting factor in sorption of SO2 by soils. 
In this study, the pH values of air-dry soils after ex­
posure ranged from 2.68 to 6.96 with a mean value of 4.21. 
Of the 41 soils, 26 exhibited pH values of less than 4,00 
after exposure. 
Soils exposed in moist condition showed pH values rang­
ing from 2.29 to 7.28 with a mean value of 3.07. Twenty-four 
of the 41 soils in this study had pH values of less than 3.00 
after exposure. 
Table 6, however, provides no evidence that the result­
ing soil pH limits SO2 sorption. 
This study clearly shows that sorption of SOg by soils 
reduces their pH values to levels which may lead to several 
problems, including fixation of nutrient elements such as 
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phosphorus, toxicity of such elements as A1 and Mn to plants, 
or increased soil erosion. Work reported by Gordon and Gorham 
(1963) showed that soils in areas subjected to concentrated 
SO2 pollution were severely eroded. Miyamoto et al. (1974a) 
reported that neutral and calcareous soils exposed to SOg 
exhibited significant decreases in aggregate stability which 
may increase the erodability of these soils. Other work on 
calcareous soils by Miyamoto et al. (1974b) showed that SOg 
sorption by these soils increased the availability of Fe, Zn, 
Mn, and P for plant growth by decreasing pH; i.e., that SOg 
sorption by soils can also have beneficial effects. 
Effect of Oxygen on SOg Sorption by Soils 
The soils in this study were also exposed to a mixture 
of 5% SO2 in Ng by the previously described procedure with the 
exception of a one-hour N2 pretreatment of the soils and ex­
posure system prior to exposure to SO^. In addition, the de­
gassing procedure was performed with Ng rather than air. 
Table 7 shows the effect of atmospheric oxygen on the 
SO2 sorption capacity of soils. 
Air-dry soils exposed to SO2 in Ng were able to sorb only 
two-thirds of the SO2 sorbed by the soils exposed to SO2 in 
air. Moist soils exposed to SO2 in N2 were able to sorb less 
than one-half the amount of SO2 sorbed by the soils exposed to 
SO2 in air. 
Since the sulfate recovery procedures used in this study 
Table 7. Effect of oxygen on sorption of SOg by soils 
Recovery of sorbed S as 
Amount of S sorbed (ma S/g soill^ sulfate (%)& 
Soil 
Air-drv soil Moist soil Air-drv soil Moist soil 
A B A B A B A B 
Lindley 0.772 0.704 4.40 2.37 89 75 76 70 
Cecil 2.15 0.546 4.42 2.20 82 89 87 59 
Sharpsburg 1.10 0.724 5.82 2.30 98 99 97 99 
Thurman 0.129 0.113 1.22 0.718 70 98 88 86 
Weller 2.04 1.57 10.2 5.20 99 99 88 99 
Dickinson 0.370 0.141 1.29 0.758 47 94 94 94 
Nicollet 1.56 1.27 3.39 2.26 61 97 99 71 
Flanagan 1.04 0.964 4.77 2.46 95 96 94 86 
Webster 2.07 1.77 3.33 2.31 92 77 80 75 
Fargo 1.94 1.65 6.16 4.95 97 97 99 94 
Ida 2.56 1.28 38.0 10.6 81 79 28 64 
Rosebud 1.05 0.725 5.95 5.28 87 90 79 26 
Average 1.40 0.955 7.41 3.45 83 91 84 77 
^A - soil exposed to SOg in air; B = soil exposed to SOg in N2• 
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may also recover S compounds other than sulfates, the higher 
recovery of S as sulfate from the air-dry soils exposed to 
SO2 in Ng may reflect a large amount of partially oxidized 
SO2 present in the soil. It is evident, therefore, 
that atmospheric oxygen plays a significant role in determin­
ing the SO2 sorption capacity of soils. 
Recovery of Sorbed S as Sulfate 
The ability of soil to sorb SOg from air has often 
been determined by measuring the sulfate enrichment of the 
soil (Alway et al., 1937; Palier and Herwig, 1969/70; Seim, 
1970). Table 8 shows the recovery of sorbed S as sulfate 
from soils exposed to SO2. 
Although sulfate recoveries ranged from 24 to 99% of S 
sorbed for air-dry soils and from 9 to 99% of S sorbed for moist 
soils, the average recoveries of sulfate from soils (75% 
and 81% for air-dry and moist soils, respectively) indicate 
that using the determination of sulfate as a means of assess­
ing the SO2 sorption capacity of soils is unsatisfactory. The 
incomplete recovery of SO^-S as sulfate-S lends credibility 
to using total S techniques to quantify SO2 sorption capaci­
ties of soils. 
It is likely that incomplete recovery of sorbed SO2 as 
sulfate is due to the SO2 reacting with various soil compo­
nents during sorption. Ghiorse and Alexander (1976) observed 
that approximately one-fourth of the SO2-S added to flasks 
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Table 8. Recovery of sorbed S as sulfate 
Recovery of sorbed S as sulfate C%) 
Soil Air-dry soil Moist soil 
Paaloa 95 60 
Kochi 62 82 
Leon 24 17 
Hartsell 53 84 
Okoboji 67 87 
Astoria 86 99 
Tillamook 59 93 
Lindley 89 76 
Wahiawa 63 79 
Cecil 82 87 
Buckner 87 94 
Sagami 80 88 
Muscatine 81 85 
Davidson 81 97 
Sharpsburg 98 97 
Floyd 99 98 
Cresco 67 88 
Thurman 70 88 
Ed in a 59 98 
Moody 86 98 
Weller 99 88 
Glencoe 85 83 
Marshall 73 89 
Clarion 70 97 
Dickinson 47 97 
Nicollet 61 99 
Grundy 83 94 
Flanagan 95 94 
Catlin 68 94 
Drummer 80 95 
Gal va 54 99 
W ebster 92 80 
Hayden 73 86 
Sac 68 99 
Fargo 97 99 
Ida 81 28 
Houston 34 9 
Harps 70 47 
Storden 95 72 
Rosebud 87 79 
Canyon 91 14 
Average 75 81 
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containing soil could not be recovered as sulfate or sulfite 
and postulated that the missing sulfur may be bound in the 
soil organic matter fraction as organic sulfur compounds. 
Sulfur dioxide may also react with components of the in­
organic portion of the soil to form insoluble or slightly 
soluble compounds that are not completely extractable with 
commonly used sulfate extractants. The Houston soil (33.7% 
CaCOg equivalent), for example, exhibits only a 9% recovery 
of the total S content by CaCl2-extraction after exposure in 
moist condition. At the completion of the sorption period, 
crystals of an opaque, whitish material were observed on the 
surface of the moist Houston soil. This suggests that gypsum 
(solubility = 0.209 g/lOO cc H2O) or other inorganic com­
pounds may form depending on the cationic composition of the 
soil. Such compounds will be extracted only to the extent 
that they equilibrate with the extractant solution and may 
result in low recoveries of the sorbed S. 
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SUMMARY AND CONCLUSIONS 
The work reported shows that air-dry and moist soils 
have substantial capacities for sorption of SO2 from air 
(averages, 1.80 and 9.98 mg S/g soil, respectively). Soil 
properties influencing the capacities of air-dry soils for 
sorption of SO^ included clay content, surface area, ex-
tractable Mn, CaCOg equivalent, dpH, acid-titratable basicity, 
and sulfate sorption capacity. The corresponding capacities 
of moist soils were influenced by surface area and soil 
properties associated with CaCO^ equivalent. It is possible 
to closely predict the SO2 sorption capacities of both air-
2 dry and moist soils (R = 0.913 and 0.939, respectively) from 
consideration of their properties. 
Soil pH of acid and neutral soils was greatly decreased 
but the pH of calcareous soils was decreased to a lesser ex­
tent as a result of SO2 sorption. Air-dry and moist soils ex­
posed to SO2 in Ng showed respective decreases in their SO2 
sorption capacity of one-third and one-half when compared to 
soils exposed to SO2 in air, thereby clearly indicating that 
atmospheric oxygen has a significant role in determining the 
SO2 sorption capacity of soils. 
Attempts to recover sulfate-S as a percentage of the 
sulfur sorbed gave average recoveries of 75% for air-dry 
soils and 81% for moist soils. Incomplete recovery of S as 
sulfate indicates that the sorbed SO2 is not totally oxidized 
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to SO^ or that it forms insoluble compounds. It is 
evident, therefore, that total S analysis provides the most 
satisfactory means for the assessment of the SO2 sorption 
capacity of soils. 
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PART II. CHARACTERIZATION OF THE SULFUR RETAINED 
BY SOILS EXPOSED TO SULFUR DIOXIDE 
30 
INTRODUCTION 
Although the ability of soils to sorb sulfur dioxide 
(SOg) from air is well-established, little is known about 
the nature of the sulfur retained by the soil after exposure 
to SO2. Sorbed SOg has commonly been estimated by determina­
tion of soil sulfate enrichment (Alway et al., 1937; Faller 
and Herwig, 1969/70; Seim, 1970) but Ghiorse and Alexander 
(1976) attempted to characterize the sorbed SOg by determin­
ing sulfite as well as sulfate in soil exposed to SOg. They 
found that approximately one-fourth of the SO^-S introduced 
into their soil exposure chambers could not be recovered as 
sulfate or sulfite. Spot tests for sulfide, elemental sulfur, 
and thiosulfate conversion did not detect the missing sulfur 
but complete recovery of the added S could be obtained when 
the soil was ignited prior to exposure. Ghiorse and Alexander 
(1976) speculated that the sorbed SOg may be bound to the 
organic matter fraction of the soil. 
The objectives of the work reported here were to charac­
terize the sulfur retained by soils exposed to SO2 and to 
study mechanisms by which SO^ is sorbed by soils. 
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MATERIALS AND METHODS 
The soils used (Table 9) were surface (0-15 cm) samples 
selected to obtain a range of pH (5.6-8.0), organic matter 
content (0.30-2.93%), CaCO^ equivalent (0-20.8%), and surface 
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area (45-112 m /g). The analyses reported in Table 9 were 
performed as described in Part I. 
One hundred grams of 2-mm air-dry soils or air-dry 
soils treated with 30 ml H2O were exposed to air containing 
5% SO2 in the apparatus described in Part I. The soils were 
exposed for two hours followed by overnight aeration to re­
move loosely adsorbed SO2. 
Table 10 shows the methods used to characterize soil 
sulfur in triplicate subsamples of the soils after exposure 
to SO2. The CaCl2 and Ca(H2PO^)2 extracts were analyzed for 
sulfur by the method of Johnson and Nishita (1952), CHCl^ 
extracts by the HCl-Zn reduction method of Aspiras et al, 
(1972), and TCM extracts by the method of Adams et al. (1970). 
The estimation of S released as SO2 by HCl was performed 
using the Johnson-Nishita apparatus as modified for addition 
of acid directly to the soil sample by Aspiras et al. (1972). 
The SO2 produced was distilled at room temperature into a 
tetrachloromercurate (TCM) trapping solution by addition of 
an excess of a 1:1 mixture of HCl and HgO to a small quantity 
of soil ground to 150 jj,m and determined by the method of 
Adams et al. (1970). 
Table 9. Properties of soils 
Surface 
Organic Total S area 
, carbon (mg s/g CCE Sand Silt Clay (m^/g 
Soil type pH (%) soil) {%) (%) (%) (%) soil) 
Lindley 1 5.59 1.68 0.115 0.0 40 42 18 54 
Storden 1 7.98 0.30 0.164 20.8 51 31 18 45 
Webster cl 6.61 2.93 0.397 0.0 34 36 30 112 
^CaCO^ equivalent. 
^1 = loam5 cl = clay loam. 
Table 10. Forms of S recovered by methods used to characterize S sorbed by 
soils exposed to SO^ 
Method Forms of S recovered by method References 
CaClg-extractable S 
CafHgPO^ig-
extractable S 
Soluble sulfates, sulfites, sulfides, 
and possibly some very labile organic 
sulfur compounds 
Soluble and adsorbed sulfates., sul­
fites, sulfides, and possibly some 
very labile organic sulfur compounds 
Williams and 
Steinbergs (1958) 
Fox et al. (1964) 
CHClg-extractable S 
TCM-extractable S 
Elemental sulfur 
Sulfite, bisulfite, and metabi-
sulf ite 
Barrow (1968) 
Ghiorse and 
Alexander (1976) 
S released as SO, 
by HCl 
S released as H^S 
by HCl 
S released as H^S 
by HCl + Zn 
Sulfite, bisulfite, metabisulfite, 
and adsorbed SOg 
Complete recovery of sulfides; partial 
recovery of thiosulfate (26%), thio-
cyanate (28%), and tetrathionate (6%) 
Complete recovery of sulfides, ele­
mental S, and thiosulfate; partial 
recovery of thiocyanate (83%), tetra­
thionate (48%), dithionite (33%), sul-
furous acid (36%), sulfite (36-40%), 
cystine (3%), cysteine (2%), and 
methionine (2%) 
(see text) 
Smittenberg et al, 
(1951); Aspiras 
et al. (1972) 
Aspiras et al. 
(1972) 
s released as H-S 
by HCl + Sn 
Complete recovery of sulfides, ele­
mental S,thiocyanates, isothiocyan-
ates, thioacetamide, thiobenzamide; 
partial recovery of thiosulfate (97%), 
S-sulfocysteine (34%), ditTiiocarbamates 
(31%), and thiourea (28%) 
Smittenberg et al, 
(1951)} Melville 
et al. (I97l) 
S released as H^S 
by HI^ 
Soluble, adsorbed, sparingly soluble, 
insoluble, and occluded inorganic 
sulfates, organic sulfates, inorganic 
sulfides and polysulfides, and ele­
mental S 
Arkley (1961); 
Freney (1961) 
S released as HgS 
by Raney Ni + 
NaOH^ 
Complete recovery of elemental S, thio­
sulfate, metabisulfite, thiocyanate, 
thioacetamide, methionine, methionine 
sulfoxide, cystine, cystine sulfinic 
acid, cysteine S-sulfonate, and 1:2 
naptha-quinone-4-sulfonic acid; almost 
complete recovery (97%) of sulfite, 
allyl isothiocyanate, diphenylthio-
carbazone, toluene p-sulfonic acid, 
and heparin; and partial recovery of 
dithionite (55%), and sulfamic acid 
(44%) 
Lowe and Belong 
(1962)} Freney 
et al. (1970) 
Method proposed for estimation of total sulfate (inorganic + organic) in 
soils. 
Method proposed for estimation of carbon-bonded S (methionine, cystine, 
cysteine, etc.) in soils. 
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RESULTS AND DISCUSSION 
Table 11 shows the amounts of S sorbed by air-dry and 
moist soils exposed to SOg. 
Air-dry Storden and Lindley soils exposed to SO2 sorbed 
approximately equal amounts of S but only about half of the 
amount sorbed by the Webster soil. 
Moist soils exposed to SO2 showed increases of 1.51, 
3.69» and 20.9 times the amount of S sorbed by air-dry Webster, 
Lindley, and Storden soils, respectively. The high buffering 
capacity of the Storden soil enabled it to sorb up to 1.65% 
S by weight when moist. 
In previous studies, sulfate was considered to be the end 
product of SO2 sorption by soils (Alway et al., 1937; Faller 
and Herwig, 1969/70; Seim, 1970; Ghiorse and Alexander, 1976) 
and the possibility of other S forms being produced during the 
sorption process was usually overlooked. In addition, the 
determination of S forms other than sulfate which may be 
produced during the SO2 sorption process is difficult since 
there is a considerable overlap in the recovery of certain S 
forms by the various analytical procedures. Ghiorse and 
Alexander (1976), however, were able to detect sulfite as an 
SO2 sorption end product in soils by the use of TCM as an 
extractant. 
Since little is known about interferences by sulfate and 
other S forms in the determination of sulfite in TCM soil 
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Table 11. Amounts of S sorbed by air-dry and moist soils 
exposed to SO2 
Amount of S sorbed (ma S/g soil) 
Soil Air-dry soil Moist soil 
Lindley 0.773 2.85 
Storden 0.787 16.5 
Webster 1.65 2.49 
extracts, interferences by sulfate and thiosulfate on the 
TCM procedure were examined. No interferences by sulfate in 
concentrations of up to 60 |ig S per sample were observed. 
However, thiosulfate in concentrations of up to 94 |j.g S per 
sample did show an effect on the colorimetric determination 
of TCM-extractable S. This interference was visually detect­
able at the end of the color development period in that sul­
fite alone in the sample gave a rose-pink color. When thio­
sulfate was added to the sulfite sample, the resulting color 
was a distinctive rose-violet. A spectral scan of the inter­
fering species placed the maximum absorption wavelength be­
tween 550 and 560 nm. This is near the 548 nm absorption 
peak of the sulfite species. Since the presence of thiosul­
fate in the soils appears unlikely (Ghiorse and Alexander, 
1976) and the presence of thiosulfate is visually dis­
cernible, interference by thiosulfate would normally not be 
a problem with this procedure. 
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The distribution of the different forms of sulfur as a 
percentage of the total S in the soils before exposure to SOg 
are shown in Table 12. The largest fraction of the soil sul­
fur is released as H^S by HI reduction followed by the soil 
sulfur fraction converted to H2S by reaction with Raney Ni 
and NaOH. This indicates that most of the S in soils is 
either combined in the organic matter or exists in a rela­
tively insoluble inorganic form since the CaClg- and 
Ca(H2P0^)2~extractable forms account for only 2-4% of the 
total S in the soil. The small amounts of S released as H2S 
by HCl + Zn or HCl + Sn may indicate easily oxidizable inor­
ganic or organic compounds. Since the TCM-extractable S and 
S released as SO2 by HCl methods appear relatively specific 
for sulfite and sulfite analogs, it is evident that these 
compounds do not exist in unexposed soils under normal con­
ditions. Likewise, CHCl^-extractable S and S released as 
H2S by HCl could not be detected in soils prior to exposure 
to SO2. 
The recovery of sorbed S in the various forms after ex­
posure of soils to SO2 in air-dry or moist condition is 
shown in Table 13. 
When air-dry samples of the soils were exposed to SO2, 
CaCl2-extractable S, Ca(H2PO^)2-extractable S, and HI-
reducible S were the predominant forms of sulfur in all three 
soils. The Webster soil had a large portion of the total S 
recovered as S released as SO2 when reacted with HCl (94%), 
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Table 12. Forms of sulfur in soils before exposure to SO 2 
% total S 
in form 
Soil Form of S specified 
Lindley CaCl2-extractable S 3 
Ca(H2?O4)2~extractable S 4 
CHClg-extractable S 0 
TCM-extractable S 0 
S released as SO2 by HCl 0 
S released as H2S by HCl 0 
S released as H2S by HCl + Zn 1 
S released as H2S by HCl + Sn 2 
S released as H2S by HI 49 
S converted to H2S by Raney Ni + NaOH 13 
Storden CaCl2-extractable S 2 
Ca{H2PO^)2-extractable S 3 
CHClg-extractable S 0 
TCM-extractable S 0 
S released as SO2 by HCl 0 
S released as H2S by HCl 0 
S released as H2S by HCl + Zn 3 
S released as H2S by HCl + Sn 9 
S released as H2S by HI 59 
S converted to H2S by Raney Ni + NaOH 9 
Webster CaCl2-extractable S 2 
Ca(H2P04)2-extractable S 2 
CHClg-extractable S 0 
TCM-extractable S 0 
S released as SO2 by HCl 0 
S released as HgS by HCl 0 
S released as H2S by HCl + Zn 1 
S released as H2S by HCl + Sn 4 
S released as H2S by HI 35 
S converted to H2S by Raney Ni + NaOH 14 
Table 13. Recovery of sorbed S in various forms 
Recovery of sorbed S 
in form specified (%) 
Soil Form of S AM 
I/indley CaCl2~extractable S 87 78 
Ca(H2P0^)2~extractable S 94 8i 
CHClg-extractable S 0 0 
TCM-extractable S 23 0 
S released as SO^ by HCl 4 0.5 
S released as HgS by HCl 0 0 
S released as H2S by HCl + Zn 7 l 
S released as H^S by HCl + Sn 16 5 
S released as H2S by HI 90 94 
S converted to H2S by Raney Ni + NaOH 4 3 
Storden CaClg-extractable S 91 80 
Ca(H2P0^)2~extractable S 94 81 
CHClg-extractable S 0 0 
TCM-extractable S 9 45 
S released as SO2 by HCl 4 41 
= air-dry soil exposed to SOg; M = moist soil exposed to SO2. 
Table 13. (Continued) 
Recovery of sorbed S 
in form specified (%) 
Soil Form of S AM 
Storden S released as H2S by HCl 0 0 
S released as HgS by HCl + Zn 4 34 
S released as H2S by HCl + Sn 9 38 
S released as H^S by HI 80 98 
S converted to HgS by Raney Ni + NaOH 3 46 
Webster CaCl2-extractable S 91 80 
Ca(H2P0^)2~extractable S 94 81 
CHClg-extractable S 0 0 
TCM-extractable S 62 2 
S released as SO2 by HCl 94 2 
S released as H2S by HCl 0 0 
S released as H2S by HCl + Zn 42 3 
S released as H2S by HCl + Sn 70 7 
S released as H2S by HI 8l 99 
S converted to H2S by Raney Ni + NaOH 7 8 
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indicating that a major part of the adsorbed SO2 was in the 
form of loosely sorbed SO2, sulfite, bisulfite, or metabi-
sulfite which could be desorbed or released as SO2 upon 
acidification of the soil. Relatively large quantities of 3 
were also recovered in the TCM-extractable (62%), HCl + Zn 
releasable (42%), and HCl + Sn releasable (70%) forms from 
the air-dry Webster soil after exposure. This observation 
can be expected since the latter three analytical methods 
are capable of recovering substantial quantities of sulfites, 
bisulfites, or metabisulfites. 
Ninety-four to 99% of the total S was recovered as HI-
reducible S in all three soils when they were exposed in a 
moist condition to SO2. CaCl2- and Ca(H2P0^)2-extractable S 
accounted for 75 to 83% of the total S after exposure. Thirty-
four to 46% of the total sulfur was recovered as TCM-extract­
able S, S released as SOg by HCl, S released as H2S by HCl + 
Zn, S released as H2S by HCl + Sn, and S converted to H2S by 
Raney Ni and NaOH in the Storden soil. 
The sulfur fraction recovered either as S released as HgS 
by HSl or as CHCl^-extractable S was negligible in both the 
air-dry and moist soils after exposure. 
The recovery of sorbed S as shown in Table 13 allows for 
several generalized statements to be made about the recovery 
procedures used and the end products of SO2 sorption by soils 
in this study. First, the formation of sulfides and elemental 
S as end products of the SO2 sorption process can be 
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eliminated due to the oxidative conditions existing in this 
study. Most of the S compounds that were end products of 
sorption were relatively soluble and labile since they could 
be extracted with CaClg on Ca(H2P0^)2 solutions. Little dif­
ference could be observed between the two extractants in their 
ability to recover soluble and labile forms of S. 
Reaction of the soil with HI was capable of recovering 
most of the sorbed S in the soils exposed in moist condition 
to SOg. In soils exposed in air-dry state, however, reac­
tion of the soil with HI recovered slightly less S than did 
extraction with CaClg or CalH2P0^)2. Considering that sub­
stantial amounts of S could be recovered as S released as 
SOg by HCl, it is possible that some loss of SOg occurred 
upon addition of the acid HI reagent to the air-dry soils. 
Release of H2S by HCl + Zn will recover S compounds with 
intermediate oxidation states but not sulfates (Aspiras et 
al., 1972). This study indicates that S compounds of inter­
mediate oxidation states are formed in the process of SO2 
sorption by soils especially in the Webster soil when exposed 
air-dry and the Storden soil when exposed moist. Release of 
H2S with HCl + Sn can also recover compounds of intermediate 
oxidation states but not sulfates (Melville et al., 1971). 
Some organically bound S may be recovered by this procedure 
resulting in higher S recoveries than by HCl + Zn reduction. 
Release of S compounds as H2S by Raney Ni + NaOH has 
previously been used as an indicator of carbon-bonded sulfur 
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in soils. This procedure can obtain total recovery of thio-
sulfate, metabisulfite, and thiocyanate. Sulfite can also be 
recovered nearly In toto (97%) by this procedure (Freney et 
al., 1970). Since the Storden soil contains only 0.3% or­
ganic carbon, the high recovery of S by this procedure for 
the moist exposed Storden soil indicates that substantial 
quantities of inorganic S compounds rather than a large 
amount of S combined with the soil organic matter occur as 
sorption end products. 
Work by Low et al. (1971) and Goodsel et al. (1972) on 
the sorption of SOg on CaO and MgO at 25° shows that sulfite 
and sulfite-type sulfur species are predominant sorption 
end products due to oxygen atom removal from the sorbing 
surface (Goodsel et al., 1972). Physically sorbed SOg can 
also occur at high surface coverages. 
Further work by Lin and Lunsford (1975) has shown that 
SOg can be photochemically oxidized to SOg on an MgO surface 
in the presence of water. Their proposed mechanism, however, 
does not require that an oxygen atom be removed from the MgO 
surface since H2O is the oxygen donor. 
It can be speculated that since soils contain minerals 
with ordered structures much like CaO and MgO, SO2 sorption 
processes in soils should result in sulfite and analogous S 
forms as end products. The data from this work strongly sug­
gests that much of the sorbed SO2 is present as SOg or 
analogous species under specific sorption conditions and it 
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is conceivable that several distinctly separate mechanisms may 
be responsible for SO2 sorption and oxidation in soils. First, 
SO2 may be reacting with oxygen atoms from organic matter in 
soils exposed in air-dry condition. This would explain the 
high amounts of S recovered by the TCM extraction and SO2 re­
leased by HCl techniques from the Webster soil. 
The second mechanism involves the reaction of SO2 with 
CaCOg in moist, calcareous soils such as the Storden soil. 
By this mechanism, H2O reacts with SO2 sorbed on the surface 
of CaCOg particle to form sulfurous acid. Sulfurous acid 
(H2SO2) is an effective agent in decomposing CaCOg (Bremner, 
1949) and becomes neutralized by an equivalent amount (1:1 
ratio) of CaCO^ to form CaSO^ as follows: 
HgSOg + CaCOg " CaSOg + HgO + COg 
Only the total amount of CaCOg present in the soil is limiting 
to this mechanism. 
Finally, soils are composed of minerals consisting of the 
oxides and hydroxides of Si, Fe, and A1. Therefore, it is con­
ceivable that these compounds may act in a manner similar to 
CaO or MgO but may also act as catalytic agents between Og from 
the air and SO2 rather than oxygen donors during the sorption 
process. The work reported in Part I presents a strong evi­
dence of the role of atmospheric oxygen in the ability of soil 
to sorb SOg. This mechanism, however, is probably overshadowed 
by SO2 reactions with organic matter, H2O, or CaCOg. 
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SUMMARY AND CONCLUSIONS 
Most of the sulfur retained by soils after exposure to 
air containing 5% SO^ could be recovered as CaCl2-extractable 
S, CaCHgPO^Ïg-extractable S, or S released as HgS by HI. Only 
small amounts of sulfur could be recovered as TCM-extractable 
S, as S released as SO2 by HCl, or as S released as HgS by HCl 
+ Zn, HCl + Sn, or Râney Ni and NaOH. However, large amounts 
of S released as SO2 by HCl were recovered from the air-dry 
Webster and the moist Storden soils. 
The large recoveries of sulfites or sulfite analogs from 
the air-dry Webster and moist Storden soils exposed to SO2 in­
dicates two major mechanisms of SO2 sorption. These include 
the reaction of SO2 with organic matter in air-dry soils and 
sorption of SO2 in an aqueous medium and reaction with CaCOg 
in moist soils. Catalytic mechanisms involving Fe, Al, and 
Si oxides and hydroxides may also be important but are gen­
erally overshadowed by SO2 reactions with soil organic matter 
or CaCOg where conditions permit. 
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PART III. SORPTION OF HYDROGEN SULFIDE BY SOILS 
47 
INTRODUCTION 
Although hydrogen sulfide (Hgp) is one of the principal 
sulfur gases in the atmosphere (Robinson and Robbins, 1970), 
very little is known about the capacities of soils for sorp­
tion of HgS or the factors affecting the ability of soils to 
sorb this gas. Most of the studies of H2S sorption have been 
limited to a single soil (Carlson and Gumerman, 1966; Carlson 
and Leiser, 1966; Gumerman, 1968; Carlson et al., 1970) and 
only Smith et al. (1973) have reported studies permitting some 
assessment of the sorption capacities of several types of 
soils. 
Although studies relating to factors affecting the ability 
of soils to sorb H2S have been limited, they have indicated 
that H^S sorption by soils is affected by H2O (Smith et al., 
1973), pH (Gumerman, 1966; Carlson et al., 1970); temperature 
(Gumerman, 1968; Carlson et al., 1970), soil particle size 
(Gumerman, 1968; Carlson et al., 1970; Smith et al., 1973), 
and exchangeable cation composition of the soil (Gumerman, 
1968; Carlson et al,, 1970). Moreover, it has been shown that 
H2S sorption by soils can be rapid (Smith et al., 1973; 
Bremner and Banwart, 1976). 
The objectives of the work reported here were (l) to 
assess the capacities of air-dry and moist soils for sorption 
of H2S; (2) to identify soil properties affecting the ability 
of soils to sorb H2S and attempt to predict the capacities 
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of soils for sorption of this gas from consideration of 
these properties, and (3) to characterize the sulfur retained 
by soils exposed to and study mechanisms by which H2S 
is sorbed by soils. 
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MATERIALS AND METHODS 
The soils used (Table 14) were surface (0-15 cm) samples 
of 42 soils selected to obtain a wide range in pH (3.61-8.21), 
organic carbon content (0,30-9.38%), CaCOg equivalent (0-
33.7%), sand content (1-94%), clay content (1-64%), and sur-
2 face area (8-294 m /g). They included representatives of 
different regions of the United States (including Hawaii), 
Canada, and Japan. The analyses reported in Table 14 were 
performed as described in Part I. 
Twelve grams of 2-mm air-dry soils or air-dry soils 
treated with 3.6 ml H2O were exposed to air containing 2% 
HgS in the apparatus described in Part I. The soils were ex­
posed for eight hours followed by an eight-hour aeration 
period to remove loosely absorbed H2S. 
After exposure to HgS, the soil samples were analyzed for 
pH, sulfate-S, and total-S as described in Part I, In addi­
tion, sulfide-S was determined by HCl distillation (Aspiras 
et al., 1972; Smittenberg et al., 1951) and elemental S was 
determined by chloroform extraction (Barrow, 1968) and reduc­
tion to HgS by HCl + Zn (Aspiras et al., 1972). All analyses 
reported were performed in triplicate. 
Data analysis was performed as described in Part I, 
Statistical data are reported as being significant (5% level), 
highly significant (1% level), or very highly significant 
(0.1% level). 
Table 14. Properties of soils 
Organic 
carbon , 
Soil type^ pH (%) TSC CEC^ 
Paaloa sic 3.6 
Kochi sil® 4.1 
Hartsell sil 4.7 
Astoria sil 4.8 
Tillamook sicl 4.8 
Okoboji sicl 4.9 
Wahiawa c 5.1 
Lindley 1 5.3 
Cecil scl 5.4 
Buckner s 5.4 
Sagami 1® 5.5 
Muscatine sicl 5.5 
Davidson sicl 5.6 
Sharpsburg sicl 5.6 
Floyd 1 5.7 
Kenyon 1 5.7 
Cresco 1 5.8 
Thurman s 5.8 
Edina sil 5.8 
Moody sicl 5.9 
Weller sil 6.0 
Glencoe sic 6.0 
Marshall sicl 6.2 
Clarion 1 6.2 
Belinda sil 6.3 
Dickinson s 6.3 
Nicollet 1 6.4 
Flanagan sicl 6.6 
3.06 0.408 13.5 
4.86 2.02 21.1 
1.04 0.068 29.0 
9.38 0.487 29.0 
9.08 0.769 35.8 
5.01 0.356 32.1 
1.42 0.341 12.2 
1.23 0.208 10.8 
0.48 0.156 5.2 
0.30 0.066 2.6 
1.01 0.236 16.7 
2.25 0.265 17.7 
3.24 0.336 12.1 
2.17 0.535 18.8 
2.78 0.448 18.9 
1.72 0.212 12.3 
2.32 0.359 16.9 
0.64 0.087 3.2 
1.69 0.226 15.9 
2.65 0.363 21.7 
3.69 0.340 17.8 
5.86 0.470 36.2 
1.60 0.286 19,1 
2.19 0.224 16.7 
1.20 0.170 10.5 
0.55 0.086 3.2 
3.08 0.494 26.8 
1.63 0.263 16.1 
Exchangeable cations (meq/100 g soil) 
Ca Mg K Na Total PBS^ 
0.48 0.26 
9.56 1.12 
8.32 0.28 
8.32 0.28 
5.85 0.74 
22.1 3.19 
2.79 0.67 
9.89 2.05 
1.68 0.24 
1.32 0.17 
11.5 1.27 
13.3 2.71 
4.44 0.73 
11.9 2.70 
13.4 2.14 
9.03 1.92 
10.9 2.12 
2.43 0.21 
21.5 1.57 
14.8 3.31 
13.4 1.77 
33.5 5.13 
15.7 2.60 
12.8 2.79 
8.89 1.20 
2.46 0.52 
22.3 3.94 
13.0 2.02 
0.13 0.24 
0.95 0.43 
1.07 0.26 
1.07 0.26 
0.81 0.37 
0.50 0.26 
0.70 0.20 
0.40 0.40 
0.38 0.13 
0.19 0.16 
0.56 0.86 
0.54 0.10 
1.20 0.22 
1.22 0.24 
0.14 0.28 
0.32 0.13 
0.23 0.15 
0.20 0.06 
0.23 0.26 
0.93 0.13 
0.47 0.06 
0.74 0.20 
0.63 0.19 
0.21 0.22 
0.19 0.20 
0.33 0.14 
0.28 0.13 
0.63 0.12 
1.11 8 
12.1 57 
9.93 32 
9.93 34 
7.77 21 
26.1 81 
4.36 35 
12.7 118 
2.43 46 
1.84 72 
14.2 85 
16.6 93 
6.59 54 
16.1 85 
16.0 84 
11.4 92 
13.4 79 
2.90 89 
23.5 148 
19.2 88 
15.7 88 
39.5 109 
19.1 99 
16.1 96 
10.5 100 
3.45 106 
26.7 99 
15.8 98 
Catlin sicl 6. ,6 1. ,23 0 .230 15 .3 10 .4 2. ,28 0. 51 0. ,18 13 .4 87 
Drummer sicl 6. ,6 2, 41 0 .297 24 .1 20 .8 3. ,86 0. 67 0. ,20 25 .5 106 
Galva sicl 6. ,7 2. ,98 0 .296 25 .3 19 .7 5. ,26 0. 63 0. ,23 25 .8 101 
Webster cl 6. ,7 2. ,93 0 .404 25 .8 24 .8 3. ,23 0. 30 0. ,12 28 .4 110 
Hayden si 6. 9 3, .21 0 .400 14 .0 6 .63 1. 82 0. 30 0. ,14 8 .89 63 
Clyde sil 7, .1 1, 23 0 .519 40 .9 43 .2 10. 1 0. 67 0. 57 54 . 6 133 
Sac sicl 7, .2 2, 48 0 .354 23 .4 18 .8 5. 06 0. 52 0. ,14 24 .5 104 
Yolo sil 7, .8 0, .59 0 .214 17 .0 5 .62 7, .51 4. 42 0. 22 17 .8 105 
Fargo sic 7, 8 2, .69 0 .441 29 .6 26 .1 17, .9 1. 41 . 0, .62 46 .0 156 
Ida sil 7. 8 0, .88 0 .205 12 .6 51 .4 1, .98 0. 33 0, .75 54 .4 431 
Houston sic 7, .9 1, .56 0 .332 31 .6 85 .5 1, .62 0. 72 0, .24 88 .1 278 
Storden si 8, .1 0, .30 0 .115 6 .8 50 .5 1, .12 0. 33 0, .14 52 .1 769 
Rosebud si 8, .1 0, .59 0 .140 10 .6 29 .6 0, .68 1. 11 0, .10 31 .5 295 
Canyon scl 8. 2 0 .89 0 .222 8 .6 65 .3 0 .62 0. 77 0, .14 66 .8 781 
^sic, silty clay; sil, silt loam; sicl, silty clay loam; c, clay; 1, loam; scl, sandy clay 
loam; s, sand; cl, clay loam; si, sandy loam. 
^Total sulfur content (mg S/g soil), 
^Cation-exchange capacity (meq/100 g soil). 
^Percent base saturation. 
^Soil name indicates region of origin and is not a series name. 
Table 14. (Continued) 
Extractable metals (7.) Silt Clay 
Soil Fe Mn Al Total CCE (%) (%) (%) SA® 
Paaloa 4.57 0.005 0.013 4.59 0 2 50 48 57 
Kochi 0.535 0.005 0.387 0.927 0 26 56 18 67 
Hartsell 0.469 0.003 0.111 0.583 0 35 58 7 20 
Astoria 1.34 0.009 0.111 1.46 0 23 57 20 87 
Tillamook 2.38 0.027 0.037 2.45 0.6 13 59 28 155 
Okoboji 1.28 0 0.011 1.29 0 8 52 40 154 
Wahiawa 0.396 0.348 0.012 0.756 0 7 29 64 92 
Lindley 1.53 0.019 0.009 1.56 0 37 44 19 67 
Cecil 1.53 0.039 0.025 1.59 0 50 25 25 32 
Buckner 0.563 0.001 0.051 0.615 0 94 3 3 8 
Sagami 1.74 0.029 0.009 1.78 0 35 43 22 85 
Muscatine 0.643 0.054 0.109 0.806 0 5 67 28 110 
Davidson 3.11 0.318 0.010 3.44 0 14 50 36 75 
Sharpsburg 0.884 0.015 0.209 1.11 0 4 65 31 113 
Floyd 0.429 0.061 0.087 0.577 0.6 39 46 24 85 
Kenyon 0.951 0 0.177 1.15 0 36 33 21 67 
Cresco 1.04 0.068 0.141 1.25 0 32 46 22 81 
Thurman 0.388 0 0.050 0.438 0 90 9 1 12 
Edina 0.616 0.044 0.112 0.772 0.5 1 74 25 101 
Moody 0.951 0.046 0.215 1.21 0 5 67 28 119 
Wei1er 0.589 0.183 0.191 0.963 0 2 77 21 56 
Glencoe 0.335 0 0.066 0.401 0 19 40 41 144 
Marshall 0.964 0.042 0.103 1.11 0.1 3 59 38 157 
Clarion 0.643 0.020 0.126 0.789 0.2 51 31 18 97 
Belinda 0.469 0.059 0.106 0.634 0 3 78 19 57 
Dickinson 0.455 0.012 0.037 0.504 0 90 5 5 14 
Nicollet 0.710 0.045 0.160 0.915 0 46 32 22 73 
Flanagan 0.725 0.029 0.100 0.854 0.2 11 60 29 80 
Catlin 
Drummer 
Galva 
Webster 
Hayden 
Clyde 
Sac 
Yolo 
Fargo 
Ida 
Houston 
Storden 
Rosebud 
Canyon 
1.18 
0.777 
0.843 
0.321 
0.656 
0.951 
0.897 
1.23 
0.388 
0.884 
0.536 
0.603 
0.321 
0.295 
0.033 
0.026 
0.082 
0.001 
0.035 
0.015 
0.123 
0.011 
0.029 
0.042 
0 
0 
0.030 
0.024 
0.135 
0.138 
0.104 
0.090 
0.055 
0.181 
0.104 
0.087 
0.075 
0.065 
0.078 
0.043 
0.048 
0.024 
1.35 
0.941 
1.03 
0.412 
0.746 
1.15 
1.12 
1.33 
0.492 
0.991 
0.614 
0.646 
0.399 
0.343 
^CaCO^ equivalent (%). 
g 2 
Surface area (m /g soil). 
0.2 4 
0.1 6 
0.4 4 
0 34 
0.2 53 
0.2 16 
0.4 10 
0 1 
1.0 17 
14.2 5 
33.7 8 
20.8 51 
1.7 57 
15.5 56 
30 94 
34 141 
35 175 
30 112 
13 29 
25 103 
34 157 
23 108 
42 164 
24 91 
51 294 
18 45 
19 71 
22 67 
66 
60 
61 
36 
34 
59 
56 
76 
41 
71 
41 
31 
24 
22 
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RESULTS AND DISCUSSION 
Capacities of Soils for Sorption of H2S 
Table 15 shows the capacities of air-dry and moist soils 
for sorption of HgS. 
It is evident that sorption of HgS is increased by HgO in 
the soil. The capacities of air-dry soil for sorption of H2S 
ranged from 0.734 to 32.8 mg S/g soil and averaged 9.78 mg 
s/g soil. The corresponding capacities of moist soils ranged 
from 0.45 8 to 38.6 mg S/g soil and averaged 12.5 mg S/g soil. 
Relationships Between Soil Properties and 
Capacities of Soils for Sorption of H2S 
Table 16 shows correlation coefficients for the relation­
ships between initial soil properties and the H^S sorption 
capacities of air-dry and moist soils. 
It can be seen that the capacities of air-dry soils for 
H^S sorption were very highly significantly correlated with 
sand content (negative correlation), clay content, and extract-
able Mn. Highly significant correlations were obtained between 
H2S sorption capacities and exchangeable Na, extractable Fe, 
and total extractable metals. Significant correlations be­
tween H^S sorption capacities and silt content as well as 
extractable A1 (negative correlation) were also obtained. 
The capacities of moist soils for H^S sorption were very 
highly significantly correlated with sand content (negative 
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Table 15. Amounts of S sorbed by air-dry and moist soils 
exposed to H2S 
Soil 
Amount of S sorbed (ma S/g soil) 
Air-dry soil Moist soil 
Paaloa 
Kochi 
Hartsell 
Astoria 
Tillamook 
Okoboji 
Wahiawa 
Lindley 
Cecil 
Buckner 
Sagami 
Muscatine 
Davidson 
Sharpsburg 
Floyd 
Kenyon 
Cresco 
Thurman 
Edina 
Moody 
Weller 
Glencoe 
Marshall 
Clarion 
Belinda 
Dickinson 
Nicollet 
Flanagan 
Catlin 
Drummer 
Gal va 
Webster 
Hayden 
Clyde 
Sac 
Yolo 
Fargo 
Ida 
Houston 
Storden 
Rosebud 
C anyon 
Average 
10.9 
3.21 
1.54 
11.7 
16.7 
13.1 
32.8 
8.47 
11.2 
0.734 
30.7 
11.0 
23.2 
10.7 
7.36 
4 
5 
1 
10 
,81 
,73 
,86 
, 2  
6.08 
7.70 
11.0 
12.1 
3.87 
10.2 
2 . 6 0  
6.12 
10.9 
11.2 
11.8 
10.2 
7.38 
2 . 8 8  
6.10 
7.72 
18.5 
7.39 
16.5 
16.0 
5.60 
1.48 
1.51 
9.78 
4.27 
5.28 
1.94 
7.44 
13.7 
14,7 
38.6 
8.06 
4.61 
0.458 
21. 7 
12.7 
38.3 
12.2 
14.1 
7.36 
13.7 
1.16 
10.9 
12.3 
27.9 
11.9 
16.6 
7.58 
8.93 
3.33 
10.1 
9.19 
8.17 
10.7 
13.4 
9.99 
12.8 
11.4 
2 0 . 2  
12 .1 
13.2 
25.6 
27.9 
4.70 
7.81 
9.22 
12.5 
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Table 16. Relationships between initial soil properties and 
capacities of soils for sorption of HgS (42 soils) 
Soil property 
Correlation 
coefficient (r)^ 
I M 
pH 
Organic carbon 
Total sulfur 
CaCOg equivalent 
Sand 
Silt 
Clay 
Surface area 
Cation-exchange capacity 
Exchangeable Ca 
Exchangeable Mg 
Exchangeable K 
Exchangeable Na 
Total exchangeable cations 
Percent base saturation 
Extractable Fe 
Extractable Mn 
Extractable A1 
Total extractable metals 
- 0 . 2 2  
0.12 
-0.03 
-0.19 
-0.48*** 
0.31* 
0.51*** 
0.16 
0.12 
-0.23 
-0.01 
0 . 2 8  
0.42** 
-0,20 
- 0 . 2 2  
0.39** 
0.44*** 
-0.31* 
0.42** 
0.11 
0 . 0 8  
O.Ol 
0 .20  
-0.50*** 
0.27 
0.61*** 
0.43** 
0.24 
0.20  
0.06 
0.14 
0.24 
0.21 
-0.03 
0.13 
0.78*** 
-0.15 
0.19 
= air-dry soil exposed to H-S; M = moist soil exposed 
to H2S. 
*,**,***Significant at the 5% level, 1% level, and 0.1% 
level, respectively. 
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correlation), clay content, and extractable Mn. A highly 
significant correlation was also observed between H2S sorp­
tion capacities and surface area. 
Prediction of Capacity of Soils for Sorption of H2S 
Multiple regression analysis of the sorption data ob­
tained in this study showed that the following equations gave 
the best predictions of the H^S sorption capacities (HSSC) 
2 
of air-dry and moist soils (R = 0.804 and 0.918, respec­
tively) I 
"=='=(air-dry soils) = "432.26 - 110.31 (sand) + 
15839.25 (exchangeable Na) -
3337.09 (extractable Al) - 2.99 
(total exchangeable bases) + 
184652.88 (extractable Mn)^ (3) 
HSSC(moist soils) = 1549.02 + 55.90 (surface area) + 
97788 (extractable Mn) + 10.02 
*3 (CaCOo equivalent)^ + 38337.39 
2 (exchangeable Na) (4) 
Because of interrelationships between soil properties 
(e.g., CaCOg equivalent vs exchangeable Ca, clay vs surface 
area, etc.), soil properties in equations 3 and 4 were coded 
by subtracting from each value the lowest value for that 
variable to obtain the linear terms and by subtracting the dif­
ference between the mean and the lowest value for each vari­
able from each of the adjusted linear variables to obtain the 
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quadratic terms. The numerical coefficients (b-values) of 
the terms included in equations 3 and 4 and their signifi­
cance are reported in Table 17. 
Table 17. Numerical coefficients (b-values) of soil proper­
ties in equations and significance of these 
coefficients 
Source b-value 
Equation 3 
Intercept 
Sand 
Exchangeable Na 
Extractable A1 
2 (Total exchangeable bases) 
(Extractable Mn)^ 
12432.26 
-110.31*** 
15839.26*** 
-33337.09*** 
-2.99*** 
184662.88*** 
Equation 4 
Intercept 
Surface area 
Extractable Mn 
2 (CaCOo equivalent) 
2 (Exchangeable Na) 
1549.02 
56.90*** 
97788.20*** 
10.02** 
38337.39*** 
**,***Significant at 1% level and 0.1% level, respec­
tively. 
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Effect of H2S Sorption on Soil pH 
Table 18 shows the effect of HgS sorption by soils on 
their pH, 
The pH values of air-dry soils after exposure ranged 
from pH 3.37 to 8.90 with a mean value of pH 5.37. Five of 
the 42 soils in this study showed pH increases after exposure 
to HgS while the rest of the soils showed pH decreases. 
Soils exposed in moist condition showed pH values ranging 
from pH 3.78 to 7.75 with a mean value of pH 5.74. Nine of 
the 42 soils in this study showed pH increases after 
exposure. 
Although Gumerman (1968) and Carlson et al. (1970) re­
ported that removal of HgS by moist soils is better at high 
pH than at low pH, Table 18 indicates no definite relation­
ships between pH and H2S ,orption capacity of either air-dry 
or moist soils. 
Characterization of the Sulfur Retained by 
Soils Exposed to H2S 
The recovery of sorbed S as elemental S, sulfide-S, or 
sulfate-S is shown in Table 19, 
It is evident that a large portion of the sorbed H2S 
(average 79% for both air-dry and moist soils) is converted to 
elemental S during the sorption process. It can also be seen 
that 0.1% or less of the S from the sorbed H2S remains in the 
sulfide form after the sorption process and that only small 
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Table 18. pH values of soils before and after exposure to H2 
H^S 
Soil dH 
After exposure to 
Before exposure 
Soil to HgS A M 
Paaloa 3.61 3.37 3.78 
Kochi 4.07 4.25 4.23 
Hartsell 4.72 4.55 4.86 
Astoria 4.77 4.38 4.69 
Tillamook 4.78 4.50 4.75 
Okoboji 4.89 4.14 4.35 
Wahiawa 5.12 5.04 6.49 
Lindley 5.30 4.60 5.17 
Cecil 5.35 5.02 6.03 
Buckner 5.41 4.88 5.49 
Sagami 5.48 4.41 5.26 
Muscatine 5.54 4.68 5.38 
Davidson 5.55 5.89 6.47 
Sharpsburg 5.62 4.76 5.26 
Floyd 5.70 4.77 5.35 
Kenyon 5.72 5.10 5.44 
Cresco 5.77 5.34 5.43 
Thurman 5.79 5.23 5.96 
Edina 5.81 4.97 5.49 
Moody 5.87 4.64 5.06 
Weller 6.02 6.08 5.83 
Glencoe 6.02 6.10 5.11 
Marshall 6.22 5.14 5.62 
Clarion 6.24 5.34 5.68 
Belinda 6.29 5.34 5.93 
Dickinson 6.31 5.56 6.47 
Nicollet 6.39 5.00 5.42 
Flanagan 6.58 5.15 5.78 
Catlin 6.60 5.18 5.75 
Drummer 6.60 5.24 5.87 
Galva 6.65 5.59 5.38 
Webster 6.73 5.40 5.70 
Hayden 6.86 6.09 5.98 
Clyde 7.05 5.42 5.68 
Sac 7.16 6.07 5.97 
= air-dry soil; M = moist soil. 
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Table 18. (Continued) 
Soil DH 
After exposure to H2S 
Before exposure 
Soil to HgS A M 
Yolo 7.75 5.39 6.16 
Fargo 7.77 6.51 6.41 
Ida 7.83 6.59 7.49 
Houston 7.85 8.90 7.21 
Storden 8.08 6. 86 7.75 
Rosebud 8.11 6.94 7.42 
C anyon 8.21 7.15 7.56 
Average 6.15 5.37 5.74 
amounts of the sorbed H^S are found as sulfate-S, 
These observations indicate that the two-step sorption 
reaction proposed by Gumerman (1968) functions in both air-
dry and moist soils. In his proposed reaction scheme, the 
initial or "sulfidation" reaction can be represented 
as follows: 
MO^ + xH^S • MS^ + XH2O 
where M is the cation responsible for the removal "site". The 
second reaction is an "oxidation" reaction enhanced by the 
presence of oxygen in the air stream and can be represented 
as follows; 
2MS + xOo 2M0 + elemental sulfur 
X 2 X 
This process is a cycling process limited only by the soil 
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Table 19. Recovery of sorbed S as elemental S, sulfide s .  
and sulfate S 
Recovery of sorbed S (%)^ 
Elemental S Sulfide S Sulfate S 
Soil A M  A M  A M  
Paaloa 84 44 0 0.1 2.5 2.1 
Kochi 46 44 0.2 0.3 3.1 2.4 
Hartsell 99 99 0.1 0 5.9 3.4 
Astoria 84 45 0 0 3.9 1.8 
Tillamook 18 99 0 0 3.4 1.8 
Okoboji 27 80 0.1 0.1 4.3 2.2 
Wahiawa 98 37 0 0 5.9 2 . 3  
Lindley 98 98 0 0 3.2 1.4 
Cecil 99 76 0 0 3.7 3.1 
Buckner 99 89 0.1 0.2 22.1 5 . 2  
Sagami 99 98 0 0 2.8 1.3 
Muscatine 88 78 0 0 4.0 1.7 
Davidson 98 99 0 0 5.5 1.9 
Sharpsburg 99 87 0 0 3.8 2.2 
Floyd 44 99 0 0 4.4 1.9 
Kenyon 55 95 0 0 5.2 3.5 
Cresco 53 96 0 0 5.6 1.6 
Thurman 29 99 0 0 4.7 2.6 
Edina 89 88 0 0 4.1 1.9 
Moody 99 98 0 0 7.8 2.7 
Weller 99 66 0.2 0 7.7 2.6 
Glencoe 96 99 0 0 6.9 3.9 
Marshall 91 90 0 0 4.2 2.9 
Clarion 70 38 0 0 6.8 2.7 
Belinda 95 96 0 0 5.0 2.9 
Dickinson 56 74 0.1 0.1 4.3 1.8 
Nicollet 99 99 0 0 4.4 1.9 
Flanagan 96 42 0 0 4.2 2 . 8  
Catlin 99 83 0 0 4.9 4.1 
Drummer 95 32 0 0 4.9 2.9 
Galva 95 99 0 0 5.4 2.5 
Webster 49 36 0 0.1 5.9 3.1 
Hayden 98 29 0 0.2 9.7 2.5 
Clyde 44 96 0 0.1 6.4 2.4 
Sac 99 93 0 0 6.9 2.8 
= air-dry soil; M = moist soil. 
63 
Table 19. (Continued) 
Recovery of sorbed S (%) 
Elemental S Sulfide S Sulfate S 
Soil A M A M AM 
Yolo 89 86 0 0 3.8 5.5 
Fargo 96 22 0 0.1 8.2 6.0 
Ida 36 96 0 0 3.6 2.1 
Houston 77 96 0 0 1.4 4.4 
Storden 53 71 0 0.1 5.7 5.7 
Rosebud 91 96 0.5 0.1 16.9 8.4 
C anyon 84 99 0 1.7 14.1 7.4 
Average 79 79 <0.1 0.1 5.9 3.0 
ability to accept the deposited sulfur. The correlation data 
in Table 16 indicate that both Fe and Mn are responsible for 
this reaction in air-dry soils but that only Mn is responsible 
for the sulf idation-oxidat ion reaction in moist soils. 
Carlson and Leiser (1966) and Kanivets (1970) reported 
color changes in soils exposed to H^S. However, the soils 
exposed to H^S in this study did not exhibit any detectable 
color changes either during exposure or after aeration. Some 
of the moist calcareous soils exposed to H^S did show whitish 
or yellowish particles of a substance on the surface after 
drying but this substance may have been an accumulation of 
either elemental S, CaCO^, or a mixture of Ca-salt compounds 
which migrated to the soil surface during the drying process. 
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Effect of Oxygen on H^S Sorption by Soils 
Gumerman (1968) and Carlson et al. (1970) compared H2S 
sorption from air, N2, ^^2' ^^^°spheres by a single 
soil. They found that H2S sorption from air or O2 was com­
parable while H2S sorption from N2 or CO2 atmospheres was com­
parable but much lower than that from air or O2. 
In the work reported here, soils were exposed to a mixture 
of 2% H2S in Ng, using the previously described apparatus and 
procedure system with the exception of a one-hour pretreatment 
of the soils and exposure system with N2. In addition, the 
degassing procedure was performed with N2 rather than air. 
The effects of oxygen on the sorption of H2S by soils are 
shown in Table 20. 
It is evident that atmospheric oxygen has a marked in­
fluence on the H2S sorption capacities of soils. Recovery 
of elemental S as a percentage of the S sorbed decreased in 
the absence of oxygen in air-dry soils but increased slightly 
in moist soils. Recovery of sulfide-S slightly increased in 
both air-dry and moist soils in the absence of atmospheric 
oxygen. 
This work shows that the sorption reaction relies on 
oxygen from the air stream and that the oxygen enhances the 
ability of soils to sorb HgS even though soils are capable of 
sorbing H2S in the absence of molecular oxygen. This confirms 
the limited observations reported by Gumerman (1968) and 
Table 20. Effect of oxygen on sorption of H2S by soils 
Amount of S sorbed (ma S/a soil)^ 
Air-drv soil Moist soil 
Soil A B A B 
Astoria 11.7 6.18 7.44 6.74 
Wahiawa 32.8 7.82 38.6 14.1 
Lindley 8.47 2.87 8.06 3.42 
Thurman 1.86 0.409 1.16 0.482 
Edina 10.2 2 .87  10.9 4.17 
Weller 7.70 4 .40  27.9 4.85 
Marshall 12.1 3.31 16.6 5.85 
Dickinson 2 .60  0.634 3.33 0.329 
Webster 7,30 1.74 9.99 J.. 79 
Ida 16;5 2.96 25.6 3.58 
Houston 16.0 1.81 27.9 2.08 
Rosebud 1.48 0.284 7.81 0.589 
Average 10.7 2.94 15.4 4.00 
^A = soil 
H2S in N2. 
exposed to H^S in air; B = soil exposed to 
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Recovery of sorbed S Recovery of sorbed S as 
as elemental S (%)^ sulfide S (%)^ 
Air-dry soil Moist soil Air-dry soil Moist soil 
A B A B A B A B 
84 32 45 78 0 0 0 0 
98 97 73 97 0 0 0 0 
98 42 98 99 0 0 0 0 
29 22 99 62 0 0.2 0 0.2 
89 47 88 99 0 0 0 0 
99 40 66 97 0.2 0.2 0 0 
91 76 90 99 0 0 0 0 
56 82 74 75 0.1 0.2 0.1 0.9 
49 43 36 57 0 0 0.1 0 
36 85 96 96 0 0.1 0 0.1 
77 63 96 69 0 0 0 0.3 
91 89 96 50 0.5 0.8 0.1 0.9 
75 60 80 82 0.07 0.1 0.03 0.2 
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Carlson et al. (1970). 
Effect of Heating Soils on Their Capacities 
for HgS Sorption 
Table 21 shows the effects of heating soils to remove 
their organic matter as described by Ghiorse and Alexander 
(1976). This treatment increased the H2S sorption capaci­
ties of soils 1.1 to 2.1 times for air-dry soils and 2.9 to 
5,4 times for moist soils. 
Table 21. Effect of heating soils at 430°C for 17 hr on the 
their capacity for sorption of H2S 
Capacity of soil for sorption of 
. H^S (rag S/g soil)^ 
Before heating After heating -
Soil A M A M 
Weller 7.70 27.9 15.9 46.9 
Webster 7.38 9.99 9.31 54.0 
Ida 16.5 25.6 18.0 53.5 
^A = air-dry soil; M = moist soil. 
The increase in the uptake of HgS by the ignited soils 
may have a twofold cause. First, organic matter in unignited 
soils may act as an occluding material on soil reaction sites, 
thus preventing maximum reaction of H2S with the soils. 
Secondly, the ignition procedure may oxidize materials either 
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in the organic matter fraction or mineral fraction of the 
soil resulting in a thin oxide coating on the surfaces of the 
mineral fraction. This oxide coating may enhance the soil's 
reactivity with H^S resulting in increased sorption. 
The literature on various mechanisms of H2S sorption 
and oxiaation by materials other than soils provides insights 
into reactions which may be taking place along with Gumerman's 
(1968) proposed two-step reaction. 
Spedding (1976, 1977), in recent work on HgS sorption and 
reaction with lead and zinc films, proposed that moisture may 
activate HgS adsorption sites on the films. It is • 
evident from the data obtained in this study that moisture has 
a definite effect on the enhancement of H2S sorption by soils. 
Spedding (1976) suggests that the moisture forms films cover­
ing the metal surfaces which already are coated with metallic 
oxides. Hydrogen sulfide is then adsorbed by hydrogen bonding 
to hydroxyl groups that are made readily available by the 
water films. Subsequently, the hydrogen bonded species can 
become more tightly bound until disassociation and chemical 
combination with the surface occur. This may explain the en­
hancement of HgS sorption when water is present in the soil. 
Work by Steijns and Mars (1974) and Steijns et al. (1976a, 
b) has indicated that another mechanism of H2S oxidation 
may be occurring concurrently with Mh or Fe catalysis in the 
production of elemental S in the sorption reaction. They 
propose that sulfur deposited in the micropores of adsorbents 
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or sorption catalysts such as activated carbon, alumina, or 
molecular sieves acts as an autocatalyst in the oxidation of 
HgS to elemental S. 
Steijns and Mars (1974) have demonstrated that the 
catalytic activity of adsorbents reaches a maximum when about 
half of the micropore volume is filled with elemental sulfur. 
When small amounts of iron oxides are present, however, the 
initial oxidation rate is raised to such an (Bxtent that the 
oxidation rate maximum observed in nearly pure activated carbon 
disappears. They interpret this phenomenon as indicating that 
the activity of the sulfur surface is small in comparison to 
the activity of an iron oxide surface. 
Steijns et al. (1976a) proposed that the mechanism of 
H^S oxidation consists of two reactions as follows; 
HgS + oxidized site products + reduced site (A) 
Reduced site + ©2 oxidized site (B) 
They conclude that the reduction step A consists of a reac­
tion between dissociatively adsorbed HgS and chemisorbed 
oxygen, yielding water and elemental sulfur while the oxida­
tion step B is a reaction between molecular oxygen and ad-
sorbed sulfur. 
The data obtained by exposing soils to HgS in Ng show 
that total S levels after sorption of HgS in N2 were about 
one-third of the levels observed in soils exposed to H2S in 
air (Table 20). Even though atmospheric oxygen was not 
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available for the sorption process, the soils still had a 
remarkable capacity for H2S sorption and conversion to 
elemental S, 
From this evidence, it is conceivable that in addition to 
Mn or Fe catalysis of oxidation of H2S to S°, elemental sulfur 
may also autocatalyze the H2S oxidation reaction even though 
the autocatalysis reaction is overshadowed by Mn and Fe 
catalysis. This may explain in part the role of the clay 
content and surface area of soils in HgS oxidation to ele­
mental S. The clay content determines the microporosity of 
the soil matrix and is indicated by the surface area value. 
Even though oxygen was not present in the gas stream contain-
in the H2S mixed with N2» the autocatalyzation mechanism of 
Steijns and Mars (1974) and Steijns et al. (1976a,b) may be 
still active. Although the samples and exposure chamber were 
pretreated for 1 hour with N2 gas, there were no pressure 
changes in the exposure system that would cause surface ad­
sorbed O2 to be desorbed and replaced with N2. Thus, 
physically adsorbed oxygen may have been present in suffi­
cient quantities to enable a rsulfidation-oxidation reaction to 
operate, resulting in the limited but significant sorption of 
H2S evident in the data in Table 20. 
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SUMMARY AND CONCLUSIONS 
The work reported shows that air-dry and moist soils 
have substantial capacities for sorption of SO^ from air 
(averages, 9,18 and 12.5 mg S/g soil, respectively). Soil 
properties influencing the capacities of air-dry soils for 
sorption of HgS included clay content, extractable Mn, ex-
tractable Fe, exchangeable Na, and total extractable metals. 
The corresponding capacities of moist soils were influenced 
by clay content, extractable Mn, and surface area. It is 
possible to closely predict the H2S sorption capacities of 
2 both air-dry and moist soils (R = 0.804 and 0.918, respec­
tively) from consideration of their properties. 
Soil pH was slightly decreased by HgS sorption but the 
pH of moist soils was decreased less than that of air-dry 
soils. Characterization of the sulfur retained by soils ex­
posed to H^S showed that 18-99% (average 79%) of this S was 
recovered in the form of elemental S, 1-22% (average 4.4%) 
was recovered in the form of sulfate, and only a trace amount 
(<0.1%) was recovered as sulfide. Air-dry and moist soils 
exposed to H2S in N2 showed substantial decreases in their HgS 
sorption capacities when compared to soils exposed to H2S in 
air, clearly indicating that atmospheric oxygen has a sig­
nificant role in determining the H2S role in determining the 
sorption capacity of soils. Heating soils at 430°C for 17 
hours greatly increased the HgS sorption capacities of both 
72a 
the air-dry and moist soils. 
From the reported data, it is evident that several 
mechanisms may be functional in H2S sorption and oxidation 
in soils. First, catalysis of the sorption and oxidation of 
H2S by Fe and Mn cations or oxides and hydroxides is the 
major sorption mechanism. Secondly, autocatalysis of HgS 
by elemental sulfur deposited in the soil pores may play an 
important role in H^S sorption and oxidation. Finally, H2S 
sorption can be influenced by the presence of organic matter 
in the soil as well as the soil moisture content. 
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SUMMARY 
The work reported shows that both air-dry and moist soils 
have substantial capacities for sorption of SO2 or HgS. Major 
factors influencing SO2 sorption by soils include soil mois­
ture, CaCOg equivalent, extractable Mn, and atmospheric oxygen. 
Factors influencing H2S sorption by soils include soil mois­
ture, exchangeable Na, extractable Mn, and atmospheric oxygen. 
The main end products of SOg sorption are sulfate, sulfite, 
and sulfite analog compounds. The primary end product of H2S 
sorption is elemental S. The sorption capacities of both air-
dry and moist soils for SO2 or HgS sorption can be closely 
2 predicted from consideration of their properties (R = 0.804 
to 0.939). 
The mechanisms of SO2 sorption by soils include reaction 
of SO2 with organic matter in air-dry soils and sorption of 
SO2 by water and reaction with CaCOg in moist soils• Hydro­
gen sulfide sorption by soils involves catalysis of the sorp­
tion and oxidation of H2S by Fe and Mn cations or oxides and 
hydroxides and autocatalysis of H2S oxidation by elemental 
sulfur deposited in the soil pores, and it is influenced by 
the organic matter and moisture content of the soil. 
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